1. Introduction {#s0005}
===============

Cerebral ischemic stroke causes marked neuronal loss in the brain, leading to various chronic disabilities in patients. However, there is currently no effective treatment for the neurological symptoms in the post-stroke period.

Recent studies have revealed that neural stem/progenitor cells residing in the ventricular-subventricular zone (V-SVZ) located at the lateral walls of lateral ventricles continuously generate new neurons in the adult mammalian brain ([@bb0075]). The immature new neurons, referred to as neuroblasts, have a capacity to migrate rapidly in the adult brain tissue toward the olfactory bulb (OB) through a route called the rostral migratory stream (RMS). After a stroke, some of the V-SVZ-derived neuroblasts migrate toward injured areas in the striatum through the complex and dense neuronal and glial network in the mature parenchyma, and differentiate into mature neurons, which are thought to functionally replace damaged neurons and improve neurological deficits ([@bb0115]).

For their long-distance migration in brain tissue, neuroblasts use various scaffolds to reach their destination efficiently, where they mature and form neuronal networks. In the developing neocortex, neuroblasts born in the ventricular zone migrate toward the upper layers using radial glial fibers as a scaffold, with which they interact through the adhesion molecule N-cadherin ([@bb0090]). However, the radial glial fibers disappear within a few weeks of postnatal brain development ([@bb0030]). In the adult brain, V-SVZ-derived neuroblasts form elongated chain-like clusters and use neighboring neurons as a scaffold, occasionally contacting blood vessels for long-distance migration in the RMS ([@bb0015], [@bb0180], [@bb0210]) and in post-stroke striatum toward the injured area ([@bb0095], [@bb0155], [@bb0230], [@bb0235]).

The vasculature is important for providing a neurogenic niche for stem/progenitor cells and neuroblasts in the V-SVZ under physiological ([@bb0170], [@bb0190], [@bb0145]) and post-stroke ([@bb0240]) conditions. In addition, vascular endothelial cells produce various diffusible signaling molecules that attract and promote the migration of V-SVZ-derived neuroblasts toward a stroke-injured area ([@bb0050], [@bb0180], [@bb0220]). However, the function and molecular basis of the blood vessel-guided neuronal migration are unclear.

β1-class integrins are transmembrane receptors for several extracellular matrix (ECM) proteins, and β1-class integrin-mediated ECM adhesion is involved in the migration of various cell types ([@bb0070]). The vasculature in the brain is ensheathed by several ECM proteins, including laminin, which is a major ligand for several β1-class integrins ([@bb0055]). Neuroblasts generated in the adult V-SVZ express β1 integrin, which is necessary for their chain formation during RMS migration ([@bb0010], [@bb0035], [@bb0100]). However, how β1 integrin promotes vessel-associated neuronal migration toward injured areas is unknown. Here, using a neuroblast-specific β1 integrin gene knockout mouse line, we show that laminin-β1 integrin signaling enables neuroblasts to form chains and migrate efficiently along blood vessels in the post-stroke brain.

2. Materials and Methods {#s0010}
========================

2.1. Animals {#s0015}
------------

Male 9--12-week-old ICR mice were from SLC (Shizuoka, Japan). *Itgb1*^*flox/flox*^ mice ([@bb0160]) were crossed with *nestin-Cre* ([@bb0195]) or *DCX-CreERT2* mice (Stock No. 032780-MU, MMRRC) to obtain *Itgb1* conditional knockouts (*Itgb1-*cKO) and control littermates. *Itgb1*-cKO mice were crossed with *Dcx-DsRed* mice ([@bb0205]) or *Rosa26^tdTomato^* reporter mice (Stock No. 7914, Jackson Laboratory) ([@bb0130]). *Dcx-EGFP* mice were previously described ([@bb0045]). All experiments using live animals were performed in accordance with the guidelines and regulations of Nagoya City University.

2.2. Immunohistochemistry {#s0020}
-------------------------

Cell proliferation in the V-SVZ and the migration of neuroblasts were analyzed in 18-day (18d)-post-stroke mice. The animals were deeply anesthetized and perfused transcardially with phosphate buffered saline (PBS, pH 7.4), followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer. Brain sections were prepared and stained as previously described ([@bb0085]). Briefly, the brain was extracted and post-fixed with the same fixative overnight, then cut into 50-μm-thick coronal sections on a vibratome (VT1200S, Leica, Wetzlar, Germany). The sections were incubated for 1 h in blocking solution (10% donkey serum and 0.4% Triton X-100 in PBS), overnight at 4 °C with primary antibodies, and 2 h at room temperature with Alexa Fluor-conjugated secondary antibodies (1:1000, Invitrogen, MA, USA). Signals were amplified with biotinylated secondary antibodies (1:1000, Jackson Laboratory, West Grove, PA, USA) and the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA, USA), and visualized using the TSA Fluorescence System (PerkinElmer, Waltham, MA, USA). For Ki67 staining, the sections were pretreated with 1% H~2~O~2~ for 40 min before blocking. The following primary antibodies were used: goat anti-DCX (1:100, Santa Cruz Biotechnology, Dallas, TX, USA), mouse anti-GFAP (1:500, Sigma-Aldrich, St. Louis, MO, USA), chick anti-laminin (1:200, Abcam, Cambridge, UK), rat anti-β1 integrin (1:100, Merck Millipore, Billerica, MA, USA), rat anti-CD29, clone 9EG7 (1:100, BD Biosciences, Franklin Lakes, NJ, USA), rat CD31 (1:100, BD Biosciences), rat anti-BrdU (Abcam), rabbit anti-DsRed (1:200, Clontech, Mountain View, CA, USA), rat anti-GFP (1:100, Nacalai, Kyoto, Japan), rabbit anti-Iba1 (1:2000, Wako Pure Chemical Industries, Osaka, Japan), mouse anti-calretinin (1:3000, Millipore), mouse anti-NeuN (1:100, Millipore), and rabbit anti-Ki67 (1:200, Leica). Cellular nuclei were stained with Hoechst (1:5000, Invitrogen). For quantification using post-stroke brains, coronal sections through the V-SVZ were used. For the quantification of migrating neuroblasts in the RMS, coronal brain sections throughout the RMS and the OB were used. To visualize and count double-labeled cells, confocal z-stack images were captured using a confocal laser microscope (LSM700, Carl Zeiss, Jena, TH, Germany) with a 20 ×/0.8 or 40 ×/1.2 objective lens. In the histological analyses, the actual number of cells in every other or third 50-μm-thick coronal section was bilaterally counted, and the number was multiplied by two or three, respectively, to obtain the total number of cells per brain.

2.3. Induction of Ischemic Stroke {#s0025}
---------------------------------

Mice were anesthetized with an oxygen/N~2~O/isoflurane mixture (65.3/32.7/2.0%) administered through an inhalation mask and placed on a 37 °C heating bed (model BMT-100, Bio Research Center, Nagoya, Japan). Middle cerebral artery occlusion was induced by the intraluminal filament technique, as reported previously ([@bb0060]) with several modifications. In brief, after occlusion of the common carotid artery, the right carotid bifurcation was exposed, and the external carotid artery was coagulated distal to the bifurcation. A 10.0-mm silicone-coated 8-0 filament was then inserted through the stump of the external cerebral artery and gently advanced to occlude the middle cerebral artery, and the incision was closed. The mice were re-anesthetized 50--60 min later, the incision was re-opened, and the filament was gently withdrawn. The incision was then closed again. This procedure minimized the total time the mouse was under anesthesia.

2.4. BrdU Injection {#s0030}
-------------------

To label proliferating cells, bromodeoxyuridine (BrdU, Sigma-Aldrich, 50 mg/kg, dissolved in PBS) was injected into mice intraperitoneally, as described in each figure and legend.

2.5. Tamoxifen Injection {#s0035}
------------------------

Tamoxifen (Sigma-Aldrich) was dissolved in solvent (20 mg/ml tamoxifen, 90% sesame oil, 6% ethanol, 4% DMSO). For stroke experiments, *Itgb1-*cKO (*Itgb1*^*flox/flox*^*;DCX-CreERT2;Rosa26^tdTomato/tdTomato^*) and control (*DCX-CreERT2;Rosa26^tdTomato/tdTomato^*) mice were treated with tamoxifen at 13 and 15 d-post-stroke intraperitoneally (300 μg/g), which caused the deletion of β1 integrin specifically in neuroblasts. For the analysis of neuroblast migration in the RMS in intact mice, *Itgb1-*cKO (*Itgb1*^*flox/flox*^*; DCX-CreERT2*) and control (*Itgb1*^*flox/flox*^) mice were treated with tamoxifen twice, 48 h apart, prior to BrdU treatment.

2.6. Electron Microscopy {#s0040}
------------------------

Animals were deeply anesthetized and perfused transcardially with 20 ml of PBS (pH 7.4) followed by 50 ml of 2% PFA-2.5% glutaraldehyde (GA) in 0.1 M phosphate buffer. The brain was extracted, post-fixed with the same fixative overnight, and cut into 200-μm coronal sections on a vibratome (VT1200S, Leica). The sections were post-fixed with 1% OsO~4~ in 0.1 M phosphate buffer for 2 h, block-stained in 2% uranyl acetate, dehydrated with a graded series of alcohol, and embedded in Araldite (Durcupan, Fluka Biochemika, Ronkonkoma, NY). Serial semi-thin sections (2.0-μm-thick) were cut with an ultramicrotome (UC6, Leica), and stained lightly with 1% toluidine blue. Subsequently, selected levels were glued to Durcupan blocks and detached from the glass slide by repeated freezing in liquid nitrogen and thawing. From the semi-thin sections, ultra-thin sections (60--70 nm-thickness) were prepared using an ultramicrotome, and stained with lead citrate (Reynolds\' solution). Photomicrographs were obtained under a JEM1011J transmission electron microscope (JEOL, Tokyo, Japan) using a digital camera.

Photomicrographs showing the cellular contact among chain of neuroblasts, astrocytes, and blood vessels in the striatum of control (*DCX-CreERT2;Rosa26^tdTomato/tdTomato^*) and *Itgb1*-cKO (*Itgb1*^*flox/flox*^*;DCX-CreERT2;Rosa26^tdTomato/tdTomato^*) mouse were taken at a magnification of × 50,000. The length of junction between neuroblasts in the control and *Itgb1*-cKO mouse were quantified using ImageJ software (National Institutes of Health). Neuroblasts were identified by their very electron-dense nucleus and cytoplasm, whereas astrocytes were identified by their electron-lucent nucleus and cytoplasm and the presence of intermediate filaments and glycogen granules, as previously described ([@bb9000]).

2.7. Time-lapse Imaging of Post-stroke Brain Slices {#s0045}
---------------------------------------------------

Brain slices were prepared for time-lapse imaging from adult *Itgb1-*cKO mice (*Itgb1*^*flox/flox*^;*DCX-CreERT2*;*Rosa26^tdTomato/tdTomato^*) or control mice (*DCX-CreERT2*;*Rosa26^tdTomato/tdTomato^*) at 16--18 d-post-stroke, as reported previously ([@bb0050]), with modifications. Briefly, blood vessels were labeled by cardiac perfusion with 10 ml of fluorescent ink (× 50, spotliter Cream yellow, PILOT, Tokyo, Japan) diluted in PBS, as reported previously ([@bb0110], [@bb0185]). The brain was dissected and cut into coronal slices (170-μm thick) using a vibratome (VT1200S, Leica). The slices were placed on a stage-top imaging chamber (Warner Instruments, Hamden, CT, USA) under continuous perfusion with artificial cerebrospinal fluid (aCSF, 1 ml/min, containing 125 mM NaCl, 26 mM NaHCO~3~, 3 mM KCl, 2 mM CaCl~2~, 1.3 mM MgCl~2~, 1.25 mM NaH~2~PO~4~, and 20 mM Glucose, pH 7.4, maintained at 38 °C, bubbled with 95% O~2~ and 5% CO~2~) during the imaging. Using a confocal laser microscope (LSM710, Carl Zeiss) equipped with a gallium arsenide phosphide detector, z-stack images (4--11 z-sections with 3--5-μm step sizes) were captured every 5--15 min for 8--16 h. To quantify the speed of neuroblast migration along blood vessels in the captured images, neuroblasts in the striatum with a monopolar or bipolar shape were traced using ImageJ software (manual tracking plugin). Only the neuroblasts that could be continuously tracked for at least 90 min were used for this analysis. We defined cells in the 'resting phase' as those in which the soma moved slower than 6 μm/h.

2.8. Culture of V-SVZ-derived Neuroblasts in Collagen Gel {#s0050}
---------------------------------------------------------

Collagen gel experiments were performed as described previously ([@bb0215]) with several modifications. In brief, Glass-bottom 35-mm Petri dishes were coated with poly-[l]{.smallcaps}-lysine (PLL: Sigma-Aldrich, 0.1 μg/cm^2^, incubated 2 h) or PLL and laminin-111 (Wako, 2.6 μg/cm^2^, incubated overnight). For time-lapse imaging, the V-SVZ was dissected from P2--6 *Itgb1-*cKO (*Itgb1* ^*flox/flox*^; *nestin-Cre*; *Dcx-DsRed*) mice or control littermates, cut into 150--200-μm-diameter pieces, mixed with collagen (PureCol, Bovine collagen solution type 1, Advanced Biomatrix, San Diego, CA, USA, diluted to 2.7 mg/ml in PBS), and applied to the PLL/laminin-coated dishes. The dishes were maintained in a humidified, 5% CO~2~, 37 °C incubator to allow the explant mixture to congeal on the dishes. The gel containing the explant was overlaid with 2 ml of serum-free Neurobasal medium (Invitrogen) containing 2% B27 (Invitrogen), 50 U/ml penicillin-streptomycin, and 2 mM [l]{.smallcaps}-glutamine, and then cultured in the incubator for 24 h before imaging. Time-lapse video recordings were obtained using an inverted light microscope (Axio-Observer, Carl Zeiss) equipped with the Colibri light-emitting diode light system, using a × 20 ([Fig. 3](#f0015){ref-type="fig"}A, [Movie S3](#ec0020){ref-type="supplementary-material"}, [Movie S5](#ec0030){ref-type="supplementary-material"}, [Movie S6](#ec0035){ref-type="supplementary-material"}) and × 40 ([Fig. 3](#f0015){ref-type="fig"}D, [Movie S4](#ec0025){ref-type="supplementary-material"}) dry objective lens. Every 5 min ([Fig. 3](#f0015){ref-type="fig"}A, [Movie S3](#ec0020){ref-type="supplementary-material"}, [Movie S5](#ec0030){ref-type="supplementary-material"}, [Movie S6](#ec0035){ref-type="supplementary-material"}) or 1 min ([Fig. 3](#f0015){ref-type="fig"}D, [Movie S4](#ec0025){ref-type="supplementary-material"}), z-stack images (1--5 z-sections with 3--5-μm step sizes) were obtained automatically for 8--12 h. The migration speeds of the soma and growth cone were quantified using National Institutes of Health ImageJ software. The time of adhesion to the bottom of the dish was calculated manually from the z-stack images. We defined cells in the 'resting phase' as those in which the soma moved slower than 30 μm/h.

2.9. Laminin-containing Porous Sponge {#s0055}
-------------------------------------

We previously designed a laminin-rich porous sponge (Laminin sponge) based on the components and morphology of blood vessel scaffolds ([@bb0005]). The laminin sponge or control sponge was placed near V-SVZ explants dissected from P2--6 *Itgb1-*cKO mice or control littermates in collagen gel. The migration behavior of neuroblasts migrating in contact or not in contact with the sponge was recorded as described above.

2.10. Injection of Laminin-rich Biomaterial {#s0060}
-------------------------------------------

To assess whether an artificial structure containing laminin promotes neuronal migration, we used an injectable self-assembling scaffold that forms through the spontaneous assembly of ionic self-complementary β-sheet oligopeptides under physiological conditions ([@bb0065]). A synthetic peptide hydrogel (PuraMatrix, Corning, NY, USA, 1.0% w/v) was mixed with the same volume of laminin solution (1.0 μg/μl) following the manufacture\'s protocol, and then stereotaxically injected into the ipsilateral medial striatum (1 μl/mouse, relative to bregma: anterior, 1.7 mm; depth, 4.0--3.0 mm, rotated axially by 45°) of intact or 10 d-post-stroke mice. To visualize laminin, 200 μg of laminin was reacted with 50 μg/ml DyLight 650 NHS Ester (Pierce Biotechnology, IL, USA) in PBS for 1 h. To examine the responses of glial cells to hydrogels in the intact brain (Fig. S3), or the migration of V-SVZ-derived cells along the laminin scaffold in the post-stroke brain ([Fig. 4](#f0020){ref-type="fig"}c--f), the brain was fixed 8 d later (18 d-post-stroke). To examine the maturation of neuroblasts in the post-stroke striatum, the brain was fixed 18 d later (28 d-post-stroke) (Fig. S4).

2.11. Coculture of V-SVZ-derived Neuroblasts With Striatal Astrocytes {#s0065}
---------------------------------------------------------------------

The striatum or the V-SVZ was dissected from P3--7 WT mice in L-15 medium (Invitrogen) and dissociated with trypsin-EDTA (Invitrogen). The dissociated cells were washed with L-15 medium, plated, and cultured in DMEM containing 10% FBS, 50 U/ml penicillin-streptomycin, and 2 mM [l]{.smallcaps}-glutamine. To purify astrocytes from the mixed culture, the cells were incubated with shaking for 60 min before the first passage. The cells were dissociated from the dishes using trypsin-EDTA (Invitrogen), re-plated, and cultured at confluent density. The V-SVZ dissected from *Itgb1*-cKO mice or control littermates was plated on the monolayer culture of astrocytes in serum-free Neurobasal medium containing 2% B27, 50 U/ml penicillin-streptomycin, and 2 mM [l]{.smallcaps}-glutamine, and cultured in an incubator (5% CO~2~, 37 °C) for 12 h before imaging. The migration behavior of neuroblasts on the astrocyte monolayer was recorded as described above.

2.12. Transplantation of V-SVZ Cells {#s0070}
------------------------------------

For transplantation experiments, the V-SVZ of P1--6 *Dcx-EGFP* or *nestin-Cre;Itgb1*^*flox/flox*^;*Dcx-DsRed* mice was dissected and dissociated using trypsin-EDTA (Invitrogen) as previously described ([@bb0085]). The cell suspension (3 μl) was stereotaxically injected into the V-SVZ (relative to bregma: anterior, 1.1 mm; lateral, 1.05 mm; depth, 2.8--2.0 mm) of wild-type mice, then fixed 5 d later.

2.13. Statistics {#s0075}
----------------

All data were expressed as the mean ± standard error of the mean (SEM). Differences between means were determined by two-tailed Student\'s *t*-test, paired *t*-test, or one-way ANOVA followed by Tukey-Kramer multiple comparison test or Dunnett\'s multiple comparison test, unless otherwise specified. A *p-*value \< 0.05 was considered statistically significant.

3. Results {#s0080}
==========

3.1. β1 integrin Is Expressed in V-SVZ-derived Chain-forming Neuroblasts Associated With Blood Vessels {#s0085}
------------------------------------------------------------------------------------------------------

We first analyzed the β1 integrin expression in the migrating neuroblasts in intact ([Fig. 1](#f0005){ref-type="fig"}a--b) and post-stroke ([Fig. 1](#f0005){ref-type="fig"}c--h) adult mouse brains by immunohistochemistry. In the intact brain, almost all of the doublecortin (DCX)-positive (+) neuroblasts in the V-SVZ and RMS expressed β1 integrin ([Fig. 1](#f0005){ref-type="fig"}b), as previously reported ([@bb0010], [@bb0035]). After reaching the OB, neuroblasts detached from the chains and individually migrated toward the outer layers, i.e., the external plexiform layer (EPL) and glomerular layer (GL), where the proportion of β1 integrin-expressing neuroblasts was lower than in the OB core ([Fig. 1](#f0005){ref-type="fig"}a--b).Fig. 1Role of β1 integrin in neuroblast chain formation and efficient migration toward an injured site. a: Schema of an adult mouse sagittal brain section showing the migration route of neuroblasts (red arrows). V-SVZ: ventricular-subventricular zone, RMS: rostral migratory stream, OB: olfactory bulb. b: Percentage of DCX+ neuroblasts that were β1 integrin+ in each part of the migration route. EPL: external plexiform layer, GL: glomerular layer. c: Schema of a coronal section of post-stroke mouse brain showing the migration route of neuroblasts toward the injured area (red arrows). d--e: Section of 18 d-post-stroke brain immunostained for β1 integrin (green), DCX (red), and laminin (blue) (asterisks: a blood vessel). f--h: Percentage DCX+ cells that were β1 integrin+ in the striatum or V-SVZ (f), with or without blood-vessel contact (g), and migrating individually or in chains of various sizes (h). i: Experimental design. dps: days-post-stroke. j--k: Post-stroke brain sections stained for DCX (red), CD31 (green), and GFAP (blue). l--m: Mean migration distance of neuroblasts from the V-SVZ (l), aspect ratio of the neuronal chains (m), and percentage of neuroblasts integrated into small (2--5 cells), medium (6--9 cells), or large (\> 10 cells) chains (n) in the post-stroke striatum. o--s: Electron microscopy. Chains of neuroblasts (red) in the post-stroke striatum in contact with astrocytes (blue) and blood vessels (green) (o--p'), and adherent-like junctions between neuroblasts (q--r', arrowheads). Mean junction length in the Cnt and cKO groups is shown in (s). Data are the mean ± SEM; b, f--h: *n* = 4 mice, l--n: *n* = 6 mice (Cnt), *n* = 8 mice (cKO); \**p* \< 0.05, \*\**p* \< 0.01. Scale bars, 50 μm: j, 20 μm: j', 10 μm: d, 5 μm: o, 0.5 μm: o', q, 0.1 μm: q'.Fig. 1

In the post-stroke brain, V-SVZ-derived neuroblasts frequently migrated toward the injured area along blood vessels that were enwrapped in laminin, a major ligand for β1 integrin ([Fig. 1](#f0005){ref-type="fig"}c--d). We thus examined the β1 integrin expression in DCX+ neuroblasts migrating toward the infarct area in the striatum 18 days (18 d)-post-stroke. Although the proportion of β1 integrin+ neuroblasts (DCX+ cells with moderate to high levels of β1 integrin immunoreactivity) migrating in the striatum was lower than in the V-SVZ ([Fig. 1](#f0005){ref-type="fig"}f), it was greater for neuroblasts in contact with blood vessels than for those not in contact ([Fig. 1](#f0005){ref-type="fig"}d--e, g). The proportion of β1 integrin+ cells was also greater in DCX+ cells integrated into large chains containing \> 11 cells than in those migrating individually ([Fig. 1](#f0005){ref-type="fig"}h). These findings suggest that β1 integrin in neuroblasts might be involved in their blood vessel-associated chain migration in the post-stroke brain.

3.2. β1 Integrin Is Required for Efficient Neuroblast Migration Toward Injured Areas {#s0090}
------------------------------------------------------------------------------------

In the adult brain, in addition to migrating neuroblasts, β1-class integrins are expressed in astrocytes, pericytes, and vascular endothelial cells, which form blood vessels ([@bb0225]). To investigate β1 integrin\'s role specifically in neuroblasts in the injured striatum, we generated a new mouse line (*Itgb1-*cKO: *Itgb1*^*flox/flox*^;*DCX-CreERT2*), in which tamoxifen treatment induces a Cre recombinase-dependent *Itgb1* gene deletion in neuroblasts. The *Itgb1-*cKO mice were treated with tamoxifen at 13 d- and 15 d-post-stroke, and the neuroblasts in the injured striatum were examined at 18 d-post-stroke ([Fig. 1](#f0005){ref-type="fig"}i--s). Although the neuroblast-specific *Itgb1* deletion did not affect the number of Ki67+ cells in the V-SVZ (data not shown), the number of migrating neuroblasts in the ipsilateral striatum (Cnt: 685 ± 92, cKO: 329 ± 64, *p* = 0.0067, mean ± SEM) and their mean migration distance from the V-SVZ were smaller in the cKO than in the control (Cnt: *DCX-CreERT2*) group ([Fig. 1](#f0005){ref-type="fig"}l). On the other hand, there was no significant difference in the neuroblasts\' migration capacity in the V-SVZ-RMS-OB pathway between these groups (Fig. S1), suggesting that the dependency on β1 integrin is greater for neuroblasts migrating toward the injured site than for those in the RMS. In the post-stroke striatum, unlike the elongated morphology of the chain-forming neuroblasts observed along blood vessels in the Cnt group ([Fig. 1](#f0005){ref-type="fig"}j), the cKO neuroblasts formed globular aggregates ([Fig. 1](#f0005){ref-type="fig"}k, m). In the cKO mice, a larger proportion of neuroblasts migrated individually, and fewer formed large aggregates of \> 10 cells compared with the Cnt group ([Fig. 1](#f0005){ref-type="fig"}n). Electron microscopy revealed that the length of adherent-like junction between neuroblasts was smaller in the cKO group ([Fig. 1](#f0005){ref-type="fig"}o--s). These results suggested that β1 integrin on the neuroblasts regulates their interaction with each other to form chains and their interaction with blood vessels to facilitate their migration toward an injury.

We next compared the migration behavior of the Cnt and cKO neuroblasts along vascular scaffolds using time-lapse imaging of 18 d-post-stroke brain slices. To visualize neuroblasts, these mouse lines were crossed with *Rosa26R-tdTomato* transgenic mice ([@bb0130]). Blood vessels were labeled by cardiac perfusion with fluorescent ink ([@bb0185]). Chain migration along the vessels was frequently observed in Cnt mice, but rarely in cKO mice ([Movie S1](#ec0010){ref-type="supplementary-material"}). As it was difficult to examine the behavior of each cell in an aggregate, we studied the behavior of individually migrating neuroblasts along the labeled blood vessels. These cells extended a leading process along the vessel and showed a typical saltatory movement of the soma ([@bb0165]) ([Fig. 2](#f0010){ref-type="fig"}a, [Movie S2](#ec0015){ref-type="supplementary-material"}). The average speed of these neuroblasts was slower in the cKO group than in the Cnt group ([Fig. 2](#f0010){ref-type="fig"}b), suggesting that β1 integrins accelerates vessel-associated neuronal migration in the injured striatum. Together, these results suggest that neuroblasts require β1 integrin for association and spreading on and efficient migration along vascular scaffolds toward injured sites in the post-stroke brain.Fig. 2Effects of neuroblast-specific β1 integrin deletion on blood vessel-associated neuronal migration in cultured post-stroke brain slices. Time-lapse images of tdTomato-labeled (red) migrating neuroblasts (arrowheads) associated with blood vessels (green) in post-stroke control (Cnt) and *Itgb1*-cKO brain slices (a). Mean speed (b) and percent resting-phase duration (c) in the neuroblasts migrating along blood vessels. Data are the mean ± SEM; *n* = 15 cells from 11 mice (Cnt), *n* = 17 cells from 12 mice (cKO); \**p* \< 0.05, \*\**p* \< 0.01, Scale bar, 20 μm.Fig. 2

3.3. Migrating Neuroblasts Require β1 Integrin for Laminin-dependent Adhesion and Somal Translocation {#s0095}
-----------------------------------------------------------------------------------------------------

To examine how β1 integrin promotes neuronal migration, we performed time-lapse imaging of *Itgb1*-cKO (*Itgb1*^*flox/flox*^; *nestin-Cre*^*+/*^) neuroblasts migrating on a laminin-coated glass surface embedded in collagen gel. Cnt neuroblasts formed chain-like elongated aggregates when they migrated on laminin-coated surface, but not when they migrated on a PLL-coated glass surface ([Fig. 3](#f0015){ref-type="fig"}a, [Movie S3](#ec0020){ref-type="supplementary-material"}). In contrast, cKO neuroblasts failed to assemble chain-like structures on laminin-coated surface. Furthermore, Cnt neuroblasts spent a longer time in contact with the laminin-coated surface ([Fig. 3](#f0015){ref-type="fig"}b) and migrated faster ([Fig. 3](#f0015){ref-type="fig"}c) compared with cKO cells or Cnt cells on the PLL-coated surface ([Movie S4](#ec0025){ref-type="supplementary-material"}). The analysis of individually migrating neuroblasts ([Fig. 3](#f0015){ref-type="fig"}d--h) revealed that Cnt neuroblasts attached to the laminin-coated surface showed rapid and saltatory movements on the laminin-coated surface, in which somal translocation immediately followed the leading process extension ([Fig. 3](#f0015){ref-type="fig"}d--e). In sharp contrast cKO neuroblasts, although extending the leading process with normal speed ([Fig. 3](#f0015){ref-type="fig"}g), displayed a disturbed somal translocation with increased resting ([Fig. 3](#f0015){ref-type="fig"}f) and swelling ([Fig. 3](#f0015){ref-type="fig"}h) periods, similarly as observed in brain slices ([Fig. 2](#f0010){ref-type="fig"}c).Fig. 3Laminin-β1-integrin-mediated adhesion promotes neuroblast chain formation and migration. a: Phase-contrast images of control (Cnt) and *Itgb1*-cKO (cKO) neuroblasts migrating on a culture dish surface coated with or without laminin. See also [Movie S3](#ec0020){ref-type="supplementary-material"}. b--c: Duration of adhesion with the dish surface (b) and speed (c) of migrating neurons. d--h: Saltatory movement of neuroblasts. Time-lapse imaging of Cnt and cKO neuroblasts migrating in contact with a laminin-coated dish surface (d, see [Movie S4](#ec0025){ref-type="supplementary-material"}). Schema of saltatory neuronal migration (e), percentage of resting period (f), speed of the extending leading tip (g), and duration of swelling period (h). i--k: Migration of Cnt and cKO neuroblasts cultured on a monolayer of striatal astrocytes (i). Neuroblast migration speed (j) and efficiency (k). Data are the mean ± SEM; b--c: *n* = 18--20 cells, f--h: *n* = 7 cells, j--k: *n* = 11--20 cells, at least two independent experiments; \**p* \< 0.05, \*\**p* \< 0.01. Scale bars, 50 μm: a, 20 μm: d.Laminin-β1-integrin-mediated adhesion promotes neuroblast chain formation and migration. a: Phase-contrast images of control (Cnt) and *Itgb1*-cKO (cKO) neuroblasts migrating on a culture dish surface coated with or without laminin. See also Movie S3. b--c: Duration of adhesion with the dish surface (b) and speed (c) of migrating neurons. d--h: Saltatory movement of neuroblasts. Time-lapse imaging of Cnt and cKO neuroblasts migrating in contact with a laminin-coated dish surface (d, see Movie S4). Schema of saltatory neuronal migration (e), percentage of resting period (f), speed of the extending leading tip (g), and duration of swelling period (h). i--k: Migration of Cnt and cKO neuroblasts cultured on a monolayer of striatal astrocytes (i). Neuroblast migration speed (j) and efficiency (k). Data are the mean ± SEM; b--c: *n* = 18--20 cells, f--h: *n* = 7 cells, j--k: *n* = 11--20 cells, at least two independent experiments; \**p* \< 0.05, \*\**p* \< 0.01. Scale bars, 50 μm: a, 20 μm: d.Fig. 3

Electron microscopy revealed that neuroblasts migrating along blood vessels in the post-stroke brain did not directly contact the vascular endothelial cells, but did contact astrocytic processes enwrapping the vessels ([Fig. 1](#f0005){ref-type="fig"}o') ([@bb0230], [@bb0095]). These astrocytes express laminin as do endothelial cells (Fig. S2), as previously reported ([@bb0175]). Therefore, we analyzed β1 integrin\'s role in the interaction between migrating neuroblasts and striatal astrocytes ([Fig. 3](#f0015){ref-type="fig"}i--k). Time-lapse imaging showed that neuroblasts migrating on a monolayer of astrocytes dissociated from the striatum frequently assembled into chain-like aggregates in the Cnt, but not in the cKO group ([Movie S5](#ec0030){ref-type="supplementary-material"}). The speed and efficiency ratio (straight-line distance between the start and end points divided by the total migratory distance of each cell) of individually migrating neuroblasts were decreased in the cKO group ([Fig. 3](#f0015){ref-type="fig"}j--k). These results suggest that neuroblasts require β1 integrin to adhere stably to laminin-rich structures for their efficient somal translocation.

3.4. Laminin-containing Artificial Scaffolds Promote Neuronal Migration {#s0100}
-----------------------------------------------------------------------

We next examined whether laminin-rich blood vessel-like structures could promote neuroblast migration. V-SVZ neuroblasts were cultured with laminin-containing (laminin-) or -non-containing (Cnt-) porous sponge ([@bb0005]) embedded in collagen gel, and the migration speed of neuroblasts with or without contact with the sponge surface was quantified by time-lapse imaging. Both Cnt and *Itgb1*-cKO neuroblasts labeled with DsRed were distributed close to the laminin- and Cnt-sponges ([Fig. 4](#f0020){ref-type="fig"}a and data not shown). There was no significant difference in speed between Cnt and *Itgb1*-cKO neuroblasts when they migrated apart from the sponges, consistent with the observation that *Itgb1*-cKO and Cnt neuroblasts showed similar migration speeds on a culture dish surface coated without laminin ([Fig. 3](#f0015){ref-type="fig"}b--c). However, when migration occurred along a sponge surface, Cnt neuroblasts on a laminin-sponge migrated faster than cKO neuroblasts on a laminin-sponge and Cnt neuroblasts on a Cnt-sponge ([Fig. 4](#f0020){ref-type="fig"}b, [Movie S6](#ec0035){ref-type="supplementary-material"}). These data suggest that a laminin-rich scaffold accelerates the migration of neuroblasts via β1 integrins.Fig. 4Laminin scaffolds promote neuronal migration via β1 integrin. a--b: Migration of neuroblasts in contact with the sponge surface. DsRed-labeled control (Cnt) or *Itgb1-*cKO (cKO) neuroblasts embedded in collagen gels with fluorescein-labeled porous gelatin sponge containing (laminin-sp) or not containing (Cnt-sp) laminin. Both Cnt and cKO neuroblasts (red) contacted the laminin-sp. surface (green) (a). Migration speed of neuroblasts with or without sponge contact (b). c--f: Migration of neuroblasts along an artificial laminin scaffold toward an injured area. Experimental procedure (c). Number (d) and confocal images (e--f) of neuroblasts (red) migrating along the fluorescently labeled hydrogel (blue) without and with laminin in coronal sections of the post-stroke striatum. Insets show higher magnification images of the boxed area. Data are the mean ± SEM; b: *n* = 9--22 cells, 3 independent experiments, d: *n* = 7 mice; \**p* \< 0.05, \*\**p* \< 0.01. Scale bars, 20 μm: e, 10 μm: a.Fig. 4

Finally, we tested whether an artificial laminin scaffold could promote neuronal migration in the post-stroke brain. An injectable hydrogel with or without laminin (Laminin- and Cnt-hydrogel, respectively), which self-assembles from a soluble state into hydrated nanofibers *in vivo* ([@bb0065]), was injected into the striatum of 10 d-post-stroke brains ([Fig. 4](#f0020){ref-type="fig"}c). The migration of DCX+ neuroblasts along the hydrogel toward the injured area was examined 8 days later. More migrating neuroblasts were observed on the laminin-hydrogel than on the Cnt-hydrogel, and they only formed chains in the Laminin-hydrogel group ([Fig. 4](#f0020){ref-type="fig"}d--f), suggesting that the artificial laminin scaffold can efficiently mimic the vasculature and facilitate neuronal migration toward the injured area. On the other hand, there was no significant difference in the number of GFAP+ astrocytes or Iba1+ microglia in the striatum at and around the injection site between the groups (Fig. S3). Taken together, we conclude that β1 integrin expressed in the V-SVZ neuroblasts promotes their efficient chain migration along laminin-containing scaffolds toward the injured area in the post-stroke brain.

4. Discussion {#s0105}
=============

In addition to the migration of V-SVZ-derived neuroblasts toward the injured site in the post-stroke brain, as we and others have previously reported ([@bb0095], [@bb0155], [@bb0230]), vasculature-guided migration occurs in various tissues and situations, such as in lympathic endothelial cells and oligodendrocyte precursors during development ([@bb0020], [@bb0200]), Schwann cells in peripheral nerve regeneration ([@bb0025]), and tumor cells in the brain ([@bb0040], [@bb0120]). However, the molecular mechanisms for these cells\' adhesion to and migration along blood vessels are unknown. Here we demonstrated that neuroblast-expressed β1-class integrins, receptor proteins that form heterodimers with multiple α subunits to bind various ECM proteins, are required for the neuroblasts\' blood vessel-guided migration. We found that deleting β1 integrin specifically in neuroblasts affected their morphology and migration speed on laminin-coated materials, suggesting that the laminin on blood vessels functions as a ligand to control the migration of β1 integrin-expressing neuroblasts. In future studies, it will be important to examine whether the integrin-mediated mechanism we discovered in V-SVZ-derived neuroblasts also acts in other cells as a general regulator of vasculature-guided migration.

V-SVZ-derived neuroblasts exhibit saltatory movement, with alternating resting and migratory phases ([@bb0215]). In the resting phase, a leading process is extended, and centrosome and Golgi apparatus move into it (swelling phase), followed by nuclear translocation and detachment of the rear (migratory phase) ([@bb0165]). During migration on a laminin-coated dish, β1 integrin gene deletion still allowed the leading process extension and swelling to proceed normally, but impaired the stable attachment of neuroblasts to the substrate and the initiation/promotion of nuclear translocation, leading to an increased resting phase and decreased migration speed ([Fig. 3](#f0015){ref-type="fig"}). Similar defects were observed in β1 integrin-deficient neuroblasts migrating along blood vessels in living brain slices ([Fig. 2](#f0010){ref-type="fig"}). These findings suggest that the stable attachment of neurons to a laminin-containing scaffold mediated by neuronal β1 integrin facilitates the somal translocation processes such as anterior movement of the nucleus and actomyosin-mediated contraction of the rear.

The V-SVZ-derived neuroblasts migrating along blood vessels assemble into chains similar to those in the RMS ([@bb0230]). The deletion of β1 integrin or laminin from neural cells impairs the chain formation in the RMS ([@bb0010], [@bb0035]). Our electron microscopy showed that β1 integrin on the neuroblasts was required for the formation of appropriate interneuronal adhesions ([Fig. 1](#f0005){ref-type="fig"}). *In vitro* chain assembly of neuroblasts occurred only when they attached to a laminin-rich substrate, a laminin-containing sponge fiber, or an astrocytic monolayer, in a β1 integrin-dependent manner ([Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}). Neuroblasts migrating along blood vessels contact astrocytic processes surrounding the vascular basal lamina rather than endothelial cells ([@bb0095], [@bb0230]; this work). These results suggest that laminin-β1 integrin signaling directly causes cytoskeletal reorganization in neuroblasts ([@bb0070]) and/or the assembly of other cell-adhesion molecules such as cadherins ([@bb0150]) to promote chain migration. Furthermore, restricting the anchoring of neuroblasts onto the vascular surface probably increases the chance for them to contact each other and align along the scaffold. Indeed, this feature can be exploited by allowing the β1 integrin-expressing neuroblasts to migrate along an artificial laminin-rich scaffold, which promotes their chain formation and efficient migration toward the injured area in the post-stroke striatum.

Although the extent of post-stoke neurogenesis in the human brain is still unclear, post-mortem brain studies have shown an increase in cell proliferation in the V-SVZ ([@bb0125], [@bb0140], [@bb0135]) and an emergence of neural progenitor cells and/or neuroblasts in the peri-infarct area ([@bb0080], [@bb0140]), which are closely associated with blood vessels ([@bb0080]). These observations suggest that the neurogenic response of the V-SVZ and the blood vessel-guided migration of neuroblasts toward the injured site in the post-stroke brain may be evolutionarily conserved, even in humans. Although agents that block integrin signaling have been clinically applied to inhibit the invasion of cancer cells or the migration of immune cells ([@bb0105]), therapeutic interventions that increase integrin signaling to promote cellular migration have not been reported. We previously reported that neuroblasts migrate into laminin-rich porous sponge transplanted into the injured cortex of neonatal mice ([@bb0005]). Here we have demonstrated the effects of an injectable self-assembling laminin-rich scaffold, which is less invasive and more applicable for clinical use, in adult animals. The migration of V-SVZ neuroblasts into the post-stroke striatum was significantly promoted by the laminin-rich hydrogel, although only small numbers of newly generated mature neurons were observed in the striatum 4 weeks after stroke (Fig. S4). In combination with additional treatments that promote the survival and neuronal differentiation of V-SVZ-derived neuroblasts in the post-stroke brain, artificial scaffolds containing ECM proteins to promote cell migration may become a useful intervention for regenerating brain tissue.

The following are the supplementary data related to this article.Supplementary figuresImage 2Movie S1Time-lapse imaging of a slice culture from control (left) and *Itgb1*-cKO (right) mouse brain (low magnification view). tdTomato-labeled neuroblasts (red) migrate along green fluorescent dye-labeled blood vessels toward an injured area from the V-SVZ. Chain migration of neuroblasts along the blood vessels was observed only in the control. Images were captured at 8-min intervals. The movie plays at 15 frames/s. Scale bar, 40 μm.Movie S1Movie S2Time-lapse imaging of a slice culture from control (left) and *Itgb1*-cKO (right) mouse brain (high magnification view). tdTomato-labeled neuroblasts (red) migrate along green fluorescent dye-labeled blood vessels toward an injured area from the V-SVZ. Control neuroblasts moved faster than *Itgb1-*cKO neuroblasts. Images were captured at 5-min intervals. The movie plays at 15 frames/s. Scale bar, 20 μm.Movie S2Movie S3Time-lapse imaging of β1 integrin-expressing control and *Itgb1*-cKO neuroblasts migrating on a laminin-coated or poly-l-lysine (PLL)-coated glass surface embedded in collagen gel. Chain migration was observed only for the control neuroblasts migrating along the laminin-coated glass surface. Images were captured at 5-min intervals using phase-contrast microscopy. The movie plays at 15 frames/s. Scale bar, 20 μm.Movie S3Movie S4Time-lapse imaging of β1 integrin-expressing control and *Itgb1*-cKO neuroblasts migrating on a laminin-coated glass surface embedded in collagen gel. Although saltatory movement is observed in both the control and *Itgb1*-cKO neuroblasts, the control neuroblasts have a shorter resting time and migrate more rapidly. The *Itgb1*-cKO neuroblasts have a longer resting time, taking more time to move their soma than the control neuroblasts. Images were captured at 1-min intervals using phase-contrast microscopy. The movie plays at 15 frames/s. Scale bar, 20 μm.Movie S4Movie S5Time-lapse imaging of neuroblasts migrating in contact with astrocytes. Control (left) or *Itgb1*-cKO (right) neuroblasts were cultured on an astrocyte monolayer. Control neuroblasts form chain-like structures and migrate along each other. *Itgb1*-cKO neuroblasts migrate irregularly without forming chains and more slowly than the control neuroblasts. Images were captured at 5-min intervals. The movie plays at 15 frames/s. Scale bar, 20 μm.Movie S5Movie S6Time-lapse imaging of neuroblasts cultured with laminin-containing sponge in collagen gel. Although both control (left) and *Itgb1*-cKO (right) neuroblasts migrate along the surface of the laminin-containing sponge, some control neuroblasts contact each other and align along the sponge surface, suggesting chain migration. Images were captured at 5-min intervals. The movie plays at 15 frames/s. Scale bar, 20 μm.Movie S6
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